We present a relationship between the black hole mass, stellar mass, and star formation rate of a diverse group of 91 galaxies with dynamically-measured black hole masses. For our sample of galaxies with a variety of morphologies and other galactic properties, we find that the specific star formation rate is a smoothly decreasing function of the ratio between black hole mass and stellar mass, or what we call the specific black hole mass. In order to explain this relation, we propose a physical framework where the gradual suppression of a galaxy's star formation activity results from the adjustment to an increase in specific black hole mass and, accordingly, an increase in the amount of heating. From this framework, it follows that at least some galaxies with intermediate specific black hole masses are in a steady state of partial quiescence with intermediate specific star formation rates, implying that both transitioning and steady-state galaxies live within this region known as the "green valley." With respect to galaxy formation models, our results present an important diagnostic with which to test various prescriptions of black hole feedback and its effects on star formation activity.
INTRODUCTION
Large scale galaxy surveys have made it clear that there has been a pronounced growth in the number of galaxies that host little to no star formation (Bell et al. 2004; Brown et al. 2007; Faber et al. 2007; Muzzin et al. 2013; Ilbert et al. 2013; Tomczak et al. 2014; Mortlock et al. 2015) , reflecting the overall declining cosmic star formation rate observed in the universe since z = 2 (see Madau & Dickinson 2014 for a review). In an effort to understand how the quiescent population grows, these observational studies have used color-magnitude diagrams to split galaxies into a blue cloud and red sequence. Traditionally, the gap or "green valley" between these two populations has been interpreted as evidence that galaxies undergo a rapid transition from star-forming to completely quiescent, forming a sparsely populated region in this parameter space Bell et al. 2004; Faber et al. 2007; Taylor et al. 2015) . However, more recent studies have proposed various quenching timescales (Martin et al. 2007; Schawinski et al. 2014; Woo et al. 2015; Barro et al. 2015) , where galaxies that quench slowly may account for a large fraction of the green valley population. As such, understanding the physical mechanism(s) behind how individual galaxies transform and traverse through the "green valley" in order to produce the growth of the quiescent population has been a major topic of research in extragalactic astrophysics.
Star formation requires gas cooling down to a cold molecular form before clumps and cores begin to form systems of stellar nurseries. Therefore, the physical mechanism producing quiescence must somehow either stop gas from cooling to this form or eject the gas completely for extended periods of time. In this paper, we focus on the physics behind quiescence in central galaxies, or those at the centers of their dark matter halos, since satellite galaxies undergo unique processes that are specific to systems located well within the hot, gaseous atmospheres of other galaxies.
A multitude of possible mechanisms affecting central galaxies have been proposed: stellar and supernovae Ia feedback (White & Rees 1978; Dekel & Silk 1986; White & Frenk 1991; Hopkins et al. 2012) , halo mass quenching (Dekel & Birnboim 2006; Cattaneo et al. 2006; Birnboim et al. 2007; Dekel et al. 2009; Gabor & Davé 2015) , morphological quenching (Kormendy & Kennicutt 2004; Martig et al. 2009; Cisternas et al. 2011) , stellar mass quenching (Peng et al. 2010) , gravitational heating (Johansson et al. 2009) , and varying forms of black hole feedback from active galactic nuclei (AGN, Kauffmann & Haehnelt 2000; Di Matteo et al. 2005; Croton et al. 2006; Cattaneo et al. 2009; Fabian 2012; Cicone et al. 2014) .
Observationally, quiescent galaxies are more common with increasing stellar mass, and tend to host massive bulges, concentrated central stellar surface densities, concentrated light profiles, higher central velocity dispersions, and more massive dark matter halos (Kauffmann et al. 2003; Franx et al. 2008; Bell et al. 2012; Lang et al. 2014; Bluck et al. 2014; Woo et al. 2015; Mandelbaum et al. 2016 ). Many of these properties are expected to correlate closely with the central supermassive black hole mass (Kormendy & Ho 2013) , lending support to the idea that black hole-driven feedback is important for producing quiescence in central galaxies.
Recently, a myriad of studies have compiled an evergrowing list of dynamically-measured black hole masses (e.g., Kormendy & Ho 2013; Saglia et al. 2016; van den Bosch 2016) , allowing a more direct and statistical study of how black holes and galactic properties correlate with one another. Terrazas et al. (2016b) used a combination of these compilations in order to show that quiescent galaxies have more massive black holes than star-forming galaxies at a given stellar mass. They also show that this behavior is naturally produced in models where star formation is regulated by long-lived radiomode AGN feedback.
This paper aims at expanding their study by exploring exactly how the star formation rate of a galaxy correlates with its black hole mass and stellar mass, thereby probing the way in which the black hole responsible for AGN feedback affects the amount of star formation occurring in the galaxy.
We begin by presenting the galaxy data we use in our analysis ( §2) and go on to describe the resulting trends and correlations produced by the data ( §3). We then discuss the physical framework we propose in order to interpret our results in the context of AGN feedback ( §4.1). This motivates a discussion on whether galaxies which host intermediate amounts of star formation, or what we call 'partially quiescent' galaxies, are truly transitioning ( §4.2). Model results are then shown in order to compare our physical interpretation with the results from detailed simulations of galaxy formation ( §4.3). Finally, we end with concluding remarks ( §5).
DATA
We adopt the sample of nearby (z 0.034 or d 150 Mpc) galaxies with dynamical estimates of black hole masses (M BH ) from Terrazas et al. (2016b) , where the base sample comes from Saglia et al. (2016) and is supplemented by van den Bosch (2016, and references therein). Our sample selects only central galaxies, identified as the brightest or only members in their association within a ∼1 Mpc radius in order to focus on the physics of quiescence for galaxies at the centers of their potential wells.
We use extinction-corrected 2MASS 'total' K s apparent magnitudes (Huchra et al. 2012 ) to infer galaxy stellar masses (M * ), adopting a single K-band stellar M * /L K ratio of 0.75 and assuming an uncertainty of 0.15 dex. In order to calculate star formation rates (SFRs), we use far-infrared (FIR) fluxes obtained by IRAS (Rice et al. 1988; Moshir & et al. 1990; Surace et al. 2004; Serjeant & Hatziminaoglou 2009 , see also corrections to Knapp et al. 1989 in NED by Knapp 1994) in conjunction with the methods to derive SFR described in Kennicutt & Evans (2012) . Galaxies with no infrared detections or detections that result in SFR/M * < 10 −13 yr −1 are shown as upper limits. We adopt a 0.3 dex uncertainty for our SFR values (Bell 2003) . Refer to Terrazas et al. (2016b) for more information on the methods for calculating galaxy properties. Table 1 shows the data we used in our study and Table 2 shows the data we used to infer galaxy properties from the literature.
3. RESULTS Figure 1 shows the sSFR-M * , sSFR-M BH , and M BH -M * parameter space for our sample of 91 central galaxies. These plots show three projections of a 3-dimensional data cube where the color gradient in each panel represents the values of the axis not shown. We can see a clear correlation between sSFR, M BH , and M * -namely, for a given M * , quiescent galaxies have more massive M BH than star-forming galaxies, as is shown and discussed in Terrazas et al. (2016b) . However, galaxies at a given M * can have diverse sSFRs which generally decrease with increasing M BH as can be seen in the color gradient in the rightmost panel of Figure 1 . This trend appears to be continuous in our data, motivating us to avoid classifying galaxies into two broad categories of 'star-forming' and 'quiescent.' Thus, we choose to explicitly explore whether the sSFR distribution produces a dichotomy or instead varies more continuously as a function of other galaxy parameters.
In order to investigate this, we focus on the central panel of Figure 1 and show sSFR as a function of M BH separated into bins of M * in Figure 2 . We find that the sSFR is a smoothly declining function of M BH in each M * bin. The dotted black line is the same in all panels in order to show the similar slope of the relation at all M * bins. There is also an offset in the relation between different M * bins where less massive galaxies tend to have lower sSFRs at a given M BH than more massive galaxies. We also note that while there is a wide range of sSFRs at a given M * , the median sSFR at each M * bin (open, left-facing triangles) gradually decreases as M * increases at log 10 M * > 10.75, in accordance with the observation that more massive galaxies tend to be more quiescent. The galaxies detected at the two lowest M * bins show lower median sSFRs. This is likely due to the fact that these galaxies are not representative of the general galaxy population at these M * bins, since most low mass galaxies probably have central black holes with masses too low to be detected (Reines et al. 2013) . Finally, we note that more massive galaxies tend to have more massive black holes although the scatter is substantial as is evident in the right panel of Figure 1 .
The presence of a vertical offset for different M * bins for the relations shown in Figure 2 hints at the fact that galaxies form a manifold in this three dimensional space. We choose to fit the simplest three-dimensional manifold -a plane -to the sSFR-M BH -M * distribution for our sample of galaxies using a linear ordinary least squares analysis, excluding galaxies with sSFR upper limits from our fit. The result is described by the equation:
where we adopt bootstrap errors. We normalize M * and M BH by their average values for our sample, where M * ,avg = 1.62×10 11 M and M BH,avg = 8.71×10 8 M . We note that the powers for M * and M BH are about equal. For this reason, Figure 3 shows a projection of this plane by plotting log 10 sSFR against the logarithm of the ratio between M BH and M * , or what we will call the galaxy's specific black hole mass (sM BH ). Dividing by M * effectively reduces the M * dependence the sSFR has on the M BH . We find that the sSFR is a smoothly decreasing function of the sM BH for the overall population where the scatter is ∼0.55 dex. Our result applies to a diversity of galaxy types, ranging from disky to spheroidal structures and spans a range of four orders of magnitude in sSFR, two orders of magnitude in stellar mass, and five orders of magnitude in black hole mass.
We color the data points by M * to show two important features. First, we note that M * and sSFR correlate poorly with one another compared to the correlation between sM BH and sSFR. In other words, galaxies with similar M * can be found anywhere along the relation, with any sSFR value, since they can have a wide variety of sM BH values. Second, while this first point is true, more massive galaxies tend to preferentially have larger sM BH and lower sSFRs while the opposite is true for less massive galaxies. This reflects the general trend that more massive galaxies tend to host less star formation while potentially hinting at the source of scatter in sSFR at a given M * .
We note that a similar negative correlation is found in the central panel of Figure 1 where there is no dependence on M * . We find that the scatter in sSFR at a given M BH is 0.61 dex. Allowing the sSFR to be a function of both M BH and M * provides a better fit with 0.55 dex scatter -corresponding to a reduction by a fifth of the total variance in the central panel of Figure 1 -and is preferred at >99.99 percent level of all fits of bootstrapped samples having no M * dependence. Even so, we stress that the exact powers of M BH and M * need to be confirmed with a larger and more complete sample than what current black hole data sets offer. We note that alternative versions of this fit, using different prescriptions for estimating SFR (e.g., including UV detections) and different selections for the central galaxy sample give similar results, with the fit parameters varying within their quoted errors. 
Physical Framework and Interpretation
Our main result is that the sSFR of a galaxy correlates smoothly with sM BH , suggesting that the star-forming properties of a galaxy are somehow aware of the properties of the central black hole. While the amount of scatter is significant at 0.55 dex, the negative correlation in our data is clearly present. In order to make physical sense of this, we argue that the sSFR can only know about the M BH and M * if one of two scenarios are occurring: (1) black hole feedback, assuming it is measurable via M BH , is regulating the amount of star formation in the galaxy to some degree, or (2) the increase in M BH and decrease in sSFR are due to a strongly correlated but separate process where there is no direct causal connection between the two.
Recent galaxy formation models have relied on black hole-driven AGN feedback as the primary cause of quiescence (Croton et al. 2006; Sijacki et al. 2007; Guo et al. 2010; Vogelsberger et al. 2014; Porter et al. 2014; Henriques et al. 2015; Schaye et al. 2015) since no other mechanism can produce a strong enough suppression of stellar mass build up in high mass galaxies (Bower et al. 2006) . Terrazas et al. (2016b) shows that out of the four models analyzed, only those models that use radio-mode AGN feedback to provide a continuous source of heat reproduce the observational result that quiescent and starforming galaxies lie on distinct regions on the M BH -M * plane where quiescent galaxies have more massive black holes than star-forming galaxies; this is unlike those models that use halo mass quenching or quasar-mode AGN feedback as the primary source of quiescence. As a result, we will set up a physical framework where we focus on scenarios which causally link the M BH and the sSFR of a galaxy.
Successful simulations have modeled AGN feedback in the radio mode as bubbles expanding into the circumgalactic medium around a galaxy in order to heat the surrounding gas, thereby cutting off the fuel needed for star formation (e.g., Croton et al. 2006; Sijacki et al. 2007) . While black hole feeding likely happens at irregular intervals depending on gas availability, bubbles formed by radio-mode AGN feedback are expanding into the medium long after accretion stops. In this physical scenario, the heating from the expansion of these bubbles is likely to be more or less continuous even though black hole feeding is not. Observationally, this idea is supported by the presence of long-lived X-ray cavities and 'ghost' cavities from past accretion events in the intracluster medium around cluster, group, and isolated galaxies (Bîrzan et al. 2004; David et al. 2009; Gitti et al. 2010; Shin et al. 2016) .
Models also show that the M BH correlates with the amount of heating from AGN feedback (Sijacki et al. 2015; Terrazas et al. 2016b ). In accordance with this, our observational results in Section 3 show that larger values of sM BH result in correspondingly lower values of sSFR to produce a negative correlation. A possible interpretation is that the sSFR adjusts to the sM BH at least at z = 0 to produce a smoothly declining relation between these two parameters. This adjustment must happen on short enough time scales to allow such a relation between sSFR and sM BH . In other words, if either of these quantities could drastically change without allowing the other quantity to adjust, then a relation between these two parameters would not appear as clearly as it does in Figure 3 . In addition, we note that the shape of the relation is important: a smoothly declining relation may hint at the physics behind heating and cooling of gas around the galaxy. More specifically, this may mean that an intermediate sM BH results in an intermediate amount of gas heating which decreases, but does not completely halt, the amount of gas cooling onto the disk to fuel star formation in the galaxy. We expand on this issue in Section 4.2 where we discuss the phenomenon of partial quiescence.
The vertical offset in the relations between sSFR and M BH from low to high M * bins in Figure 2 can be interpreted to mean that more massive galaxies need a more massive black hole to maintain the same degree of quiescence as less massive galaxies, since more massive galaxies have a deeper potential well and, in the absence of heating, would be forming more stars as a result of cooling and gravity. However, more massive galaxies also tend to have lower sSFRs than the less massive galaxies, in general agreement with other studies (Brinchmann et al. 2004; Salim et al. 2007 ). This implies that the M BH of massive galaxies are significantly larger than those of less massive galaxies, resulting in the vast majority of the high M * galaxy population to be predominantly quiescent. In addition, the fact that we normalize both the SFR and M BH by M * tells us that reducing the dependence on the depth of the potential well -represented by M * in this paper -gives us a similar relation across a diverse group of central galaxies with M * > 10 10 M . We also note that the scatter between sSFR and M BH increases in the highest M * bin in Figure 2 . This could be due to multiple factors. For one, M * is likely an increasingly poor tracer of a galaxy's potential well at high M * since the M * -M h relation becomes substantially flatter at these mass regimes (Moster et al. 2010; Behroozi et al. 2010 Behroozi et al. , 2013 . Instead, obtaining a halo mass may be more effective, albeit more difficult, and may eliminate the increased scatter. In addition, low sSFR values are increasingly difficult to measure and may have less meaning with regards to the actual amount of star formation in the galaxy. Another explanation may be that more massive galaxies are probing clusters rather than groups and isolated galaxies. Black hole feedback in these systems may differ in terms of how gas heating and cooling operates (Gaspari et al. 2011 ).
An important assumption we have made is that M BH is measuring the amount of heating energy being injected into the gas around the galaxy while the sSFR is measuring the amount of gas cooling onto the galaxy. In the real Universe, these parameters may vary widely on a galaxy-to-galaxy basis based on the state of the gas, the star formation efficiency of the galaxy, the duty cycle and jet power of the black hole feedback and how that correlates with M BH , and potentially many other factors.
Partial Quiescence
Galaxies which have low yet significant amounts of star formation in our sample are shown in the light gray band in Figure 3 . Previous studies have often referred to these galaxies as transitioning or "green valley" galaxies (Bell et al. 2004; Balogh et al. 2004; Martin et al. 2007; Brammer et al. 2009; Mendez et al. 2011; Wetzel et al. 2012; Gonçalves et al. 2012; Krause et al. 2013; Pan et al. 2014 ), assuming they are on their way to becoming completely quiescent. Given the dearth of galaxies in this region on a color-magnitude diagram, the traditional view is that galaxies quickly move from the blue cloud to the red sequence or, as has been interpreted, from star-forming to quiescent (e.g., Baldry et al. 2004) .
A smoothly decreasing correlation between the sSFR and sM BH shown in Figure 3 and described in Section 3 is perhaps unexpected given the commonly held belief that galaxies exist only briefly in this transition state. If the M BH grows significantly, then in order to land on the relation in Figure 3 and agree with our observational result, the galaxy must also decrease its sSFR accordingly. Therefore, a star-forming galaxy that grows its black hole to an intermediate sM BH must also decrease its sSFR to an intermediate value on timescales short enough to produce a relation between the two quantities.
We note that this framework does not require central galaxies with intermediate sSFRs to be transitioning at all. A central galaxy can stay in the "green valley" as long as it no longer grows its sM BH . In this scenario, the relation between sSFR and sM BH represents the amount of star formation that results from the balance between heating and cooling represented by the ratio between a galaxy's M BH and M * . If this is the case, then this framework implies that all central, massive galaxies tend towards an equilibrium position defined by this relation which determines their sSFR from their sM BH , and that much of the scatter likely comes from the time it takes for the sSFR to adjust to the sM BH .
As a result, the fact that the sSFR, M BH , and M * are smooth but scattered functions of each other leads us to argue that many of the partially quiescent galaxies in our sample may not be transitioning -instead they may maintain a quasi-stable state of quiescence that correlates with their M BH and M * .
One possible example of this in our sample is M31, labeled in Figure 3 . M31 is not undergoing any drastic event that suggests it is quenching and heading towards a completely quiescent state. Yet many studies have shown that M31 has a lower sSFR (Kang et al. 2009; Ford et al. 2013; Lewis et al. 2015) than expected based on where a galaxy with its stellar mass would be if it were on the star forming main sequence. In our framework, this simply comes from the fact that M31 has an over-massive black hole for its stellar mass (i.e. a higher sM BH ) and as a result gives us a lower sSFR. Similarly, M81 also lands within the partially quiescent sample and does not exhibit any morphological signs of transitioning.
If there are a significant number of stable galaxies with intermediate sSFRs, then this implies a more populated "green valley" than previously observed. In support of this implication, Oemler et al. (2016) argue that the "green valley" is more populated than is otherwise believed due to the selection effects, systematic errors, and bias they find in one of the more popular collections of SFRs from SDSS (Brinchmann et al. 2004 ). They present a representative sample of local galaxies with updated and reliably-measured SFRs from ultraviolet and mid-IR fluxes and find a significantly larger, distinct population of galaxies with intermediate sSFRs. In addition, Eales et al. (2017) argue that the galaxy population exhibits a gradual difference in properties between star-forming and quiescent galaxies, a behavior that is erased in color-space due to colors varying minimally below a threshold value of sSFR. This would challenge the widely accepted view that galaxies live in two distinct populations, and instead argue for a more unitary approach. Finally, many studies have also argued for the existence of varying degrees of quiescence that could hint at a class of galaxies that spend an extended amount of time in the "green valley" (e.g., Lian et al. 2016; Pandya et al. 2016) . Even so, our proposed framework of sSFR regulation by the black hole does not necessarily require a continuous distribution of galaxies along this relation since this distribution depends strongly on the details of black hole growth.
We note that our sample selection is biased and heterogeneous due to our requirement of a dynamical black hole mass measurement using a variety of detection methods. This impacts our analysis in two ways. First, while we do not detect a significantly underpopulated "green valley" for the data in our sample, the current black hole data available are insufficient to probe the prominence of the "green valley" in the general central galaxy population since the sample is not representative. Future work will be important for determining the prominence of the "green valley" and the strength of bimodality in sSFR parameter space for central galaxies at this mass regime using reliable SFR indicators (See Oemler et al. 2016 and Eales et al. 2017 for important progress). Second, while it is clear that sSFR is a smoothly decreasing function of sM BH for the current black hole data for central galaxies, we caution that the exact form of the relation may be impacted by selection. For example, studies using the central stellar mass density within 1 kiloparsec (Σ 1kpc ) as an indirect proxy for M BH see a relatively sudden drop in sSFR as a function of Σ 1kpc (Fang et al. 2013; Woo et al. 2015 ). We do not see evidence of this sudden drop in sSFR with our dataset, perhaps due to the inadequacy of such proxies for M BH or due to our sample's size and inhomogeneities. It would be important to quantify the degree to which the dependence of sSFR is gradual and continuous with a larger and more complete sample, and to remain open to any higher order structure in the sSFR-M BH -M * parameter space.
While we are proposing the possibility that much of the "green valley" population is in a quasi-stable state of partial quiescence, we also recognize that there likely exist various pathways a galaxy could take as it grows its black hole and stellar mass and varies its star formation rate. For example, rapid and more violent processes perhaps more common for giant ellipticals may skew the observed relationship between the sSFR, M BH , and M * as may be shown in the increased scatter in the relation between M BH and sSFR at high stellar masses. The existence of more than one quenching mode and speed has been discussed in other works (Martin et al. 2007; Barro et al. 2013; Schawinski et al. 2014; Woo et al. 2015; Lian et al. 2016) . Whereas a quasi-stable state of partial quiescence would be consistent with slow quenching since the relevant timescales are comparable to or longer than a Hubble time, those experiencing faster quenching would likely account for some of the scatter between sSFR and sM BH . In addition, other processes that affect a galaxy's sSFR such as morphological quenching, stellar and supernovae Ia feedback, merging, or gravitational heating may affect a galaxy's position on the sSFR-sM BH plane. Even so, the clear correlation between these three parameters shows that, if our physical framework is at least generally valid, black hole feedback is the most important physical mechanism in determining a galaxy's star formation properties and that a large part of the galaxy sample can be characterized as being in a quasi-steady state or approaching this state as the sSFR responds to the change in sM BH that the galaxy has undergone. Terrazas et al. (2016b) shows a strong correlation between M BH and quiescence at a given stellar mass. When comparing these results to state-of-the-art models, they found that the latest Munich semi-analytic model (Henriques et al. 2015 ) and the Illustris hydrodynamic simulation (Vogelsberger et al. 2014) showed the best agreement with observations unlike the EAGLE hydrodynamic simulation (Schaye et al. 2015) and GalICS semi-analytic model (Cattaneo et al. 2006 ). Here we focus on the Munich, Illustris, and EAGLE simulations since these explicitly use AGN feedback as the primary mechanism behind quiescence.
Model Comparison
The Munich model includes a continuous heating rate affecting the temperature of the circumgalactic medium that depends on the hot halo gas mass and M BH . Illustris introduces buoyant bubbles which expand into the atmosphere every time the black hole is fed cold gas. While the creation of these bubbles is stochastic, the effect they have on the temperature of the circumgalactic medium is gradual as the bubble slowly expands into the gas. Hence, both of these models use either continuous or quasi-continuous heating from radio-mode AGN feedback in order to shut off star formation in galaxies at the high end of the stellar mass function. In contrast, EA-GLE uses quasar-mode feedback to intermittently inject energy into the interstellar medium only when there is gas available to the black hole.
We find that the quantitative relationship between sSFR, M BH , and M * vary from model to model. For example, at the stellar mass regimes of interest, the Munich model's determination of a central galaxy's sSFR has little to no dependence on the stellar mass of the central galaxy and instead depends strongly on a M BH threshold, see Terrazas et al. 2016a . Conversely, Illustris's sSFRs depend more strongly on M * such that more massive galaxies need more massive black holes in order to have the same sSFR as a lower mass galaxy, see Terrazas et al. 2016b . In Section 3 we fit a plane to our observational data which demonstrated that in the real Universe sSFR is a smoothly decreasing function of the ratio between M BH and M * (what we are calling the sM BH ). However, in the Munich model, for example, a ratio of M BH and M 0.1 * would better reveal the physics behind quiescence since the Munich model's sSFRs barely depend on M * and therefore requires M * to have a smaller power. As a result, the sM BH will not be useful for understanding the suppression of sSFR in the models since they do not agree with observations in this respect.
Rather than introducing different powers of M * , we choose to compare the models to our observational results by presenting the sSFR-M BH plane at different M * bins for each of these models. This effectively focuses on the dependence between the sSFR and M BH rather than the differences between M * dependencies in the models. We show the distributions of these galaxies in Figure 4 where for each model we select only central galaxies within a 100 Mpc 3 volume at z = 0. The M * bins are directly comparable to those in the first, third, and fifth panels of Figure 2 whose data points are overplotted in gray. Any galaxies with sSFR < 10 −13 yr −1
are assigned an arbitrarily low sSFR value defined by a normal distribution around this limit. We find that the Munich model (left panels) exhibits a steep drop off in sSFR at a given M BH for most central galaxies. A clear bimodality exists where galaxies either have high or low sSFRs with a few galaxies in between. In the highest M * bin there are very few galaxies with most of them having a massive black hole and therefore having very low sSFR values. Terrazas et al. (2016a) show that most galaxies in this model are immediately quenched as soon as they reach a redshiftdependent critical M BH (See their Section 3 for more details).
The Illustris simulation (center panels) shows a considerably different distribution on this plane. Rather than showing a steep drop in specific star formation rate as a function of M BH at a given M * , it shows a smoothly declining function for galaxies with massive enough black holes to begin suppressing star formation, much like what is seen in our observational results in Figure 2 . It is clear, however, that black hole mass correlates more tightly with stellar mass in Illustris than in our observational sample since there there is a larger variety of black hole masses at each stellar mass bin in Figure 2 than for Illustris. In addition, galaxies with M BH 10 7 M do not exhibit much dependence on sM BH since these galaxies' sSFRs are likely not regulated by AGN feedback in this model.
The EAGLE simulation (right panels) exhibits an L-shaped distribution where galaxies are mostly starforming until they reach a certain M BH value depending on their M * , where many but not all galaxies begin to have lower sSFRs. As discussed in Terrazas et al. (2016b) , this behavior is not reflected in the observation that star-forming and quiescent galaxies have distinct black hole mass distributions at a given M * . The overlap in these distributions at high M BH in this model is likely due to the fact that galaxies in EAGLE undergo intermittent heating episodes rather than a continuous injection of energy. In this model, galaxies can continue forming stars once again in between feedback events even with a massive central black hole, producing an L-shaped distribution that is not reflected in our observational results. In other words, in EAGLE, a massive black hole is a necessary but not sufficient condition for quiescence in central galaxies since star-forming galaxies can also host massive black holes. Each of these models have been quite successful in reproducing many of the observational trends out to z = 2, particularly the Munich model. Even so, it is clear that different physical implementations of quiescence can drastically affect the distributions in the sSFR-M BH -M * parameter space, even when they use similar physical frameworks for AGN feedback. As such, none of the models match our observational results perfectly as is clear from the overlaid observational data (gray translucent points) in each panel. The models differ from each other and from the observations in this parameter space with respect to their variety of dependences on M * , black hole mass distributions, stellar mass distributions, and strength of bimodality. This manifests itself as differences in the shape of the distributions, the slopes of the decline in sSFR, the normalization of the distributions in each M * bin, and the scatter of sSFR as a function of M BH .
However, qualitatively, we find that the results from Illustris better resemble our observational results. We note that the smoothly-declining yet scattered relation between sSFR and M BH in Illustris shows that even in an idealized simulation, an appreciable amount of scatter, such as what is seen in our observations, is expected within a framework where AGN feedback determines a galaxy's star formation properties.
Even so, it is well-established that the AGN feedback in Illustris is too violent and ejects too much gas out of its hot halo (Vogelsberger et al. 2014) . Further implementations of Illustris must be tested in order to understand whether this behavior persists with a less violent AGN feedback model. By extension, future models will need to consider how their prescriptions for AGN feedback correspond to the largely unexplored idea of a smoothly decreasing correlation between sSFR and sM BH along with the idea of partial quiescence.
CONCLUSIONS
In order to more directly and statistically study AGN feedback in the context of galaxy relations, we choose to study the correlation between a galaxy's sSFR, M BH , and M * . We have shown that for our diverse sample of 91 central galaxies with dynamically detected M BH , sSFR is a smoothly decreasing function of M BH /M * , or what we call the specific black hole mass, sM BH . In an attempt to interpret this correlation, we propose a physical framework where the amount of gas heating from radio-mode AGN feedback is reflected by M BH and combats the supply of fuel for star formation within the galaxy. In this framework, a galaxy with a more massive sM BH would have a correspondingly lower sSFR, in accordance with our observational result.
This framework provides an alternative to the idea that all "green valley" galaxies are transitioning from star-forming to quiescent phases. Instead, it predicts that these galaxies with intermediate values of sM BH live in a stable state of partial quiescence between starforming and quiescent galaxies.
No current models achieve the distribution of galaxies that we see in this three-dimensional parameter space, although Illustris comes close. Future work will need to take these observational constraints into account when implementing AGN feedback models in order to shut off star formation in central galaxies. (4)- (5) black hole mass and error, (6) black hole mass measurement method -either stellar dynamics, CO or gas dynamics, masers, or reverberation mapping, (7) reference for black hole measurement: 1 = Saglia et al. (2016) ; 2 = van den Bosch (2016).
(1) (2) (3) (4) (5) (6) Table 2 . Columns: (1) Galaxy name; (2)-(3) distances and errors taken from the same references as the black hole masses, see Column 7 in Table 1 ; (4) extinction-corrected 2MASS 'total' Ks apparent magnitudes from Huchra et al. (2012) unless the value has an asterisk in which case these are taken from the 2MASS LGA Catalog (Jarrett et al. 2003 ); (5)-(8) IRAS 12µ, 25µ, 60µ, 100µ flux measurements; (9) MIPS 70µ flux measurement; (10) IRAS measurement reference: 1 = Rice et al. (1988) , 2 = corrections to Knapp et al. (1989) in NED by Knapp (1994) (2010) . If there is a reference but no flux measurement then this is taken to be a non-detection.
1 The SFRs for NGC 1023 and NGC6251 are calculated based on 12µm and 25µm detections and therefore may be contaminated by an AGN. We therefore use these detections to obtain upper limits on these galaxies' SFRs. † NGC7768 has an IRAS 25µm detection yet is likely contaminated by a nearby star, therefore we omit this value since it is clearly an elliptical BCG.
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) 
